FOXN1 deficiency is a primary immunodeficiency characterized by athymia, alopecia totalis, and nail dystrophy. Two infants with FOXN1 deficiency were transplanted with cultured postnatal thymus tissue. Subject 1 presented with disseminated Bacillus Calmette-Gué rin infection and oligoclonal T cells with no naive markers. Subject 2 had respiratory failure, human herpes virus 6 infection, cytopenias, and no circulating T cells. The subjects were given thymus transplants at 14 and 9 months of life, respectively. Subject 1 received immunosuppression before and for 10 months after transplantation. With follow up of 4.9 and 2.9 years, subjects 1 and 2 are well without infectious complications. The pretransplantation mycobacterial disease in subject 1 and cytopenias in subject 2 resolved. Subject 2 developed autoimmune thyroid disease 1.6 years after transplantation.
Introduction
The nude/severe combined immunodeficiency (SCID) phenotype due to deficiency of the transcription factor FOXN1 was first described in mice by Flanagan in 1966 , who noted an absence of hair, poor growth, early mortality, and susceptibility to infection. 1 Subsequent investigations revealed that the immunodeficiency resulted from athymia caused by mutations in the WHN gene, since renamed FOXN1. [2] [3] [4] The first human cases of FOXN1 deficiency were reported by Pignata in 2 children with athymia, reduced T-cell numbers, absence of hair, and nail dysplasia. 5 One child died and the other received bone marrow transplantation without reconstitution of the naive T-cell pool. 6 In the same community, 4 other children with alopecia had died early in life from severe infections, which suggested that they, too, had the same FOXN1 mutation. 7 Here we report 2 unrelated infants who presented with congenital athymia due to the human nude/SCID phenotype resulting from mutations in FOXN1. We treated the 2 infants with FOXN1 deficiency with thymus transplantation, taking advantage of previous experience using this therapy to achieve immunoreconstitution in infants with athymia secondary to complete DiGeorge anomaly. 8 In this report, we describe the presentation of the research subjects and their clinical and immune outcomes.
Methods

Research subjects
Both subjects were enrolled in protocols that were approved by the Duke University Health System Institutional Review Board and were reviewed by the Food and Drug Administration (FDA) under an Investigational New Drug application. 8 The parents of each subject provided written informed consent in accordance with the Declaration of Helsinki. The clinical trial registration numbers are NCT00579709 "Thymus Transplantation with Immunosuppression" for subject 1 and NCT00576407 "Thymus Transplantation in DiGeorge Syndrome" for subject 2.
Thymus transplantation
Unrelated allogeneic thymus tissue, routinely discarded during cardiac surgery, was collected from infants less than 9 months of age. The tissue was used for transplantation after informed consent was obtained under protocols approved by the Duke Institutional Review Board and reviewed by the FDA. Detailed descriptions of the procedure are published. [8] [9] [10] 
Immune testing
Standard flow cytometry and proliferation assays were performed as previously described. In brief, antibodies for flow cytometry included CD3, CD4, CD8, CD14, CD16, CD19, CD45, CD45RA, CD56, and CD62L (all from BD Biosciences). The T-cell receptor ␤ variable (TCRBV) analysis by flow cytometry used the ␤ Mark TCR V␤ repertoire kit (#IM3497; Immunotech, Beckman Coulter). The proliferative response to phytohemagglutinin (PHA) was performed in triplicate using 100 000 cells per well with 3 concentrations of mitogen. Tritiated thymidine incorporation was measured on days 3 and 4. Cultures with purified protein derivative (PPD, 5 g/mL; Statens Serum Institut), Candida albicans (40 g/mL; Greer Laboratories), varicella zoster virus (VZV; 1 g/mL; Virusys Corp), and tetanus toxoid (20 g/mL; Virusys Corp) were performed in quadruplicate and then pulse-labeled and harvested on day 6.
Spectratyping was performed using RNA isolated from cells separated magnetically with CD3, CD4, or CD8 microbeads (Miltenyi Biotec). After capillary gel electrophoresis, the data (Gene Scan Software; Applied Biosystems) were uploaded onto a web accessible analysis program, SpA. [11] [12] [13] The result was reported as the Kullback-Leibler divergence (D KL ) score. High scores reflect oligoclonal repertoires (highly divergent from normal), whereas low scores reflect polyclonal repertoires. 13 Signal joint (sj) T-cell receptor rearrangement excision circle (TREC) analyses were performed as described. 11 Immunohistochemistry was performed on allograft biopsies as described. 14, 15 To evaluate for maternal engraftment, DNA was obtained from isolated circulating T cells in the subject, from maternal peripheral blood, and from the subject's own buccal swab. The hospital laboratory compared the samples using multiplex polymerase chain reaction amplification for 8 microsatellite markers followed by electrophoretic separation of each sample. The limit of detection was 2%.
Results
Subject 1
Subject 1 was born at term to Portuguese parents who were distant cousins. The female infant had nail dystrophy and no hair. Genetic analysis revealed a homozygous nonsense mutation at residue 255 (R255X) in exon 4 (formerly exon 5) in FOXN1.
Slowly progressive Bacillus Calmette-Guérin (BCG) adenitis and mild erythroderma had been apparent at 3 months of life. At day 157 of life, the subject was admitted with respiratory failure and noted to have marked posterior cervical adenitis and inguinal adenitis. Gastric and bronchoalveolar lavage secretions grew Mycobacterium bovis resistant to isoniazid; treatment included streptomycin, rifampicin, ethambutol, itraconazole, trimethoprim/ sulfamethoxazole, and intravenous immunoglobulin (Ig).
The initial immune evaluations were performed when the subject presented with respiratory failure and the subsequent pretransplantation evaluations are included in Table 1 The TCRBV repertoire was evaluated before thymus transplantation by flow cytometry and spectratyping. The CD4 TCRBV repertoire assessment of subject 1 by flow cytometry on day 297 of life (127 days before thymus transplantation) showed expansions of T cells expressing BV3 and BV22 ( Figure 1A) ; the spectratyping analysis of CD4 RNA was markedly oligoclonal (Figure 2A ). 13 Additional flow cytometry evaluations of TCRBV repertoire are shown in Figure 1A and B. Lastly, sjTREC analysis on day 409 of life (15 days before transplantation) revealed Ͻ 100 TRECs per 100 000 CD3 ϩ T cells. Overall, these data were consistent with a lack of thymic function in subject 1.
The T-cell proliferative responses to PHA were initially low but increased unexpectedly to more than 100 000 counts per minute before transplantation (Table 1) . Evaluation for possible maternal engraftment was performed at the time of diagnosis and 9 days before transplantation. No evidence of circulating maternal T cells was found.
Beginning before transplantation, the subject was treated with cyclosporine, steroids, and rabbit anti-thymocyte globulin as described previously. 8 The immunosuppression was initiated because of the increased T-cell proliferation in response to PHA, the large numbers of oligoclonal double-negative T cells, and the increased levels of T-cell activation markers (unpublished data, M.L.M., June 2010). One dose of daclizumab, 1 mg/kg, was also given shortly before transplantation. The female Oϩ blood type subject was transplanted with cultured thymus tissue from an unrelated female AϪ blood type infant who was Ͻ 1 month of age. The human leukocyte antigen (HLA) types for the subject and thymus donor are shown in Table 2 . bkg indicates medium-plus-cells background. *For subject 1, naive T cells were defined by the phenotype CD4 ϩ CD45RA ϩ CD27 ϩ for the first 3 values done in the referring center and by the phenotype CD4 ϩ CD45RA ϩ CD62L ϩ in the transplant center. Naive CD8 cells (unpublished) were similarly very low.
†The first 2 PHA assays for subject 1 were performed in the referring center; the lower limit of normal is 20 000 counts per minute (cpm). The remaining PHA assays in this table were performed at the transplantation center laboratory in which the lower limit of normal is 75 000 cpm.
‡The T-cell numbers were too low for accurate determination of the naive percentages. For personal use only. on April 8, 2017 . by guest www.bloodjournal.org From Clinical course after transplantation Subject 1 was weaned off steroids and cyclosporine by 10 months after transplantation. Pneumocystis pneumonia prophylaxis and Ig replacement were stopped at 33 months after transplantation.
The subject had several serious infections in addition to M bovis. A severe rotavirus infection was present from the time of admission for transplantation until discharge. After transplantation, she developed a Klebsiella pneumoniae urine infection on day 19; pneumocystis pneumonia requiring oxygen therapy on day 53 (despite pentamidine prophylaxis); a central venous catheter infection with blood cultures positive for K oxytoca and Enterococcus faecalis at 6 months; and varicella at 8 months that was treated with intravenous acyclovir with an uneventful course. By 18 months after transplantation, adenopathy from BCG had resolved. The antimycobacterial medications were stopped 33 months after transplantation.
Immune results after thymus transplantation
A biopsy of the allograft was performed on day 99 after thymus transplantation. Figure 3A -B shows evidence of thymopoiesis with a Hassall body and medullary thymocytes.
Subject 1 had presented with circulating T cells that were predominantly CD4 Ϫ CD8 Ϫ (Table 1) . By 6 months after transplantation, the CD4 T cells outnumbered the double-negative T cells ( Figure 4A ). Naive T cells began increasing 1 year after transplantation ( Figure 4B ). The most recent naive CD4 count at 4.9 years after transplantation is 213 cells/mm 3 (normal 420-1500, 10th-90th percentile). 16 No thymus donor T cells nor maternal T cells were detected when tested at day 101 after transplantation.
Antigen-specific T-cell responses developed after transplantation. At 17 months after transplantation, subject 1 developed a proliferative response to PPD (Table 3 ). An antigen-specific proliferative response to VZV was detected when assayed at 45 months after transplantation ( Table 3 ). The proliferative response to PHA is normal ( Figure 4C ).
The CD4 TCRBV repertoire as assessed by spectratyping improved significantly after transplantation ( Figure 2B ) compared with the previous analysis (Figure 2A ). The spectratyping results correlated with an improvement in the flow cytometric assessment of the repertoire, which no longer contained expansions of VB3, VB4, VB14, or VB22 ( Figure 1C ). The sjTREC analysis at 2 years after transplantation showed 10 220 TRECs per 100 000 CD3 ϩ T cells, a value within the normal range for age. 17 Subject 1 stopped Ig replacement approximately 2.7 years after transplantation. By this time, subject 1 had developed normal serum IgA and IgM levels, both of which had been undetectable early in life (Table 4) . Serum IgG levels were within the normal range 4 of 5 times when tested after discontinuation of Ig therapy (Table 4) . At 3.2 years after transplantation, the subject demonstrated an excellent response to tetanus toxoid immunization (Table 4) .
Subject 2
Subject 2 was born at term to unrelated parents of mixed French/African origin who came from nearby communities. The male infant had no hair and dystrophic nails. Genetic analysis revealed a homozygous missense mutation in exon 6 of FOXN1, C987T (R320W). The subject was not given BCG vaccination at The microscope was an Olympus VANOX AHBS3. The magnification was 40ϫ using a 40ϫ numerical aperture objective lens (Olympus SPLAN 40ϫ). The photomicrograph was taken at room temperature. Neither imaging media nor fluorochromes were used. The camera used was an Olympus DP70 digital imaging camera. Acquisition software was Olympus DP Controller. Subsequently, Adobe Photoshop 6.0 was used to compose this figure.
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months of life, the infant presented in respiratory distress and was mechanically ventilated for 15 days. No microorganism was recovered by bronchoalveolar lavage, but he was treated with antibiotics including trimethoprim/sulfamethoxazole and liposomal amphotericin. One month later, after transfer to a tertiary hospital, human herpes virus 6 (HHV6) infection, was detected (140 000 copies/mL) associated with mild anemia and neutropenia. Thrombocytopenia, felt likely to be related to HHV6 infection, developed at 8 months of life. The initial immune evaluation at 4 months of life revealed no T cells and no proliferative response to PHA (Table 1) . Flow cytometric evaluations of TCRBV repertoire and sjTREC analysis were not performed in subject 2 due to lack of T cells before transplantation.
Subject 2 did not receive any immunosuppression. Thymus transplantation was performed at 9 months of life. The male Oϩ blood type subject received thymus tissue from a type Oϩ female who was less than 9 months old. The HLA types for the subject and thymus donor are shown in Table 2 .
Clinical course after transplantation
The HHV6 viral load was 110 000 copies/mL at 1 month after transplantation and dropped to 600 copies/mL 18 months later. The thrombocytopenia resolved 3 months after transplantation. At 4 months after transplantation, the subject developed a polymicrobial central line infection. At month 11 after transplantation, he developed a mild but chronic urticaria. Ig replacement and For personal use only. on April 8, 2017 . by guest www.bloodjournal.org From trimethoprim/sulfamethoxazole prophylaxis were stopped at 13 and 16 months after transplantation, respectively. At 1.6 years after transplantation, subject 2 developed autoimmune hypothyroidism with positive anti-thyroglobulin, anti-thyroid peroxidase, and anti-thyroid stimulating hormone receptor antibodies. Three years after thymus transplantation, the subject is well without recurrent or chronic infection. He has a normal life and normal growth with thyroid hormone replacement.
Immune results after thymus transplantation
Subject 2 underwent a biopsy of the allograft on day 53 after thymus transplantation. The biopsy showed lacy cytokeratin and the presence of CD3 ϩ thymocytes (Figure 3C-D) . Scattered thymocytes were Ki-67 (nuclear proliferation marker) and CD1a positive (not shown). These markers are characteristic of cortical thymocytes.
T-cell numbers began to increase at 5.5 months after thymus transplantation ( Figure 4D ). Naive T cells appeared by 9 months (Figure 4E ). At 16.5 months after transplantation, all T cells were shown to be genetically host. The most recent total CD4 ϩ T-cell and naive CD4 ϩ T-cell numbers (obtained at 2.9 years after transplantation) are in the normal range for the age of the subject (3.6 years of life). 16 The total CD8 ϩ T-cell and naive CD8 ϩ T-cell numbers remain below the 10th percentile for age. 16 The CD4 TCRBV repertoire spectratype analysis was polyclonal when tested at 1 year after thymus transplantation, comparable with those of healthy controls ( Figure 2C ). The flow cytometric evaluation of the CD4 TCRBV repertoire was similarly polyclonal ( Figure 1D ). An sjTREC assessment at 1 year revealed 5700 TRECs per 100 000 CD3 ϩ cells.
The subject demonstrated a normal T-cell response to PHA response by 9 months after transplantation ( Figure 4F ) and antigen proliferative responses by 15 months after transplantation (tetanus toxoid and C albicans; Table 3 ). Both responses remained normal over time. The subject was given a live measles, mumps, and rubella vaccine 33 months after transplantation without any adverse sequelae.
Antibody function was tested after Ig replacement was stopped 1.1 years after transplantation. Table 4 shows the serum Ig levels and several antibody responses to immunizations. Although the serum IgG levels are slightly low compared with the age-matched range, all specific antibody titers tested were within the protective range.
Discussion
We report here for the first time the use of allogeneic thymus transplantation for the treatment of athymia and its associated lack of naive T cells in 2 human subjects with the nude/SCID phenotype due to FOXN1 mutations. The 2 subjects are well 5 and 3 years For personal use only. on April 8, 2017 . by guest www.bloodjournal.org From posttransplantation. They both developed functional T-and B-cell immune reconstitution.
The subjects were diagnosed after severe infections (disseminated BCG in subject 1, and a severe respiratory infection of unknown etiology in subject 2). They presented with absence of naive T cells, total alopecia, and nail dystrophy. FOXN1 deficiency was suspected and genetically confirmed in both subjects. Subject 1 was homozygous for the same mutation previously described in southern Italy 7 and present in the first FOXN1-deficient human described. 7,18 Subject 2 was homozygous for a novel missense mutation, C987T (R320W) in exon 6. This mutation is in the middle of the forkhead domain that is involved in DNA binding and is highly conserved among species. 3, 19 This homozygous mutation would likely abolish FOXN1 activity, although protein function was not tested.
The presentation of subject 1 to the transplantation center bore a striking resemblance to the presentation of infant patients with atypical complete DiGeorge anomaly. 20 Infants with complete DiGeorge anomaly characteristically present with a heart defect, hypoparathyroidism, and athymia. These athymic infants with complete DiGeorge anomaly represent less than 5% of all infants with DiGeorge anomaly. [21] [22] [23] The diagnosis of athymia is based on the absence of naive T cells. Some patients with complete DiGeorge anomaly develop a rash and circulating oligoclonal T cells after birth. 20 They are said to have "atypical" complete DiGeorge anomaly. 20 In occasional patients, the oligoclonal T cells infiltrate the liver or the gut and lead to graft-versus-host-like disease in these organs. This presentation resembles that of Omenn syndrome. 20, 24 Similar to patients with atypical complete DiGeorge anomaly, subject 1 presented to the transplant center at 13.7 months of life with oligoclonal T cells (which were predominantly doublenegative T cells), absence of naive T cells, and a T-cell proliferative response to PHA within the normal range (although the PHA response had initially been low per the laboratory standards at the referring institution). This subject had lymphadenopathy, although this finding was likely related to the underlying M bovis infection, and eosinophilia. The skin manifestations in subject 1 were different from those in atypical complete DiGeorge anomaly, because subject 1 presented only with mild erythroderma. The proliferative response to PHA observed in subject 1 was unusually high compared with other infants with athymia. Only 3 patients with complete DiGeorge anomaly (of 60 transplanted with thymus tissue) have developed PHA responses Ͼ 100 000 counts per minute before transplantation (unpublished data, M.L.M., June 2010).
We find it interesting that the first subject reported with FOXN1 deficiency had an Omenn syndrome-like appearance with erythroderma and lymphadenopathy associated with circulating T cells that did not proliferate to mitogens, including anti-CD3. 5 That subject's FOXN1-deficient sibling also had erythroderma and circulating T cells that did not proliferate in culture. These features suggest that these 2 subjects, who were reported previously, had circulating oligoclonal T cells. Subject 1, who had the same mutation as the previously reported patients, also presented with erythroderma. This phenotype contrasts with subject 2, who carries a different mutation and had no circulating T cells.
The oligoclonal T cells of atypical complete DiGeorge anomaly and Omenn/atypical FOXN1 deficiency may have an extrathymic origin or may arise secondary to a nest of thymus epithelium able to support atypical development of T cells. Studies of nude mice have also demonstrated the presence of oligoclonally expanded T cells. 25, 26 The mechanisms for the proliferation and lack of homeostasis by these oligoclonal T cells are poorly understood. 20 Because of athymia in FOXN1 deficiency, thymus transplant was chosen as the appropriate treatment, although bone marrow transplantation had been performed in one child with the nude/ SCID phenotype due to FOXN1 deficiency. 6 That child did not develop naive T cells, as might be expected given the absence of a thymus. 6 In determining the strategy to use for thymus transplantation in the 2 subjects presented in this report, we drew on our experience with infant patients who have complete DiGeorge anomaly. Immunosuppression has not been necessary in patients with typical complete DiGeorge anomaly who have few if any T cells. 8, 11 Thus, immunosuppression was not used for subject 2. Atypical complete DiGeorge anomaly patients, who have oligoclonal T-cell expansions, have required immunosuppression to prevent graft rejection. 8, 14 The same immunosuppression regimen was used for subject 1.
Just as seen in thymus transplantation for complete DiGeorge anomaly patients, both FOXN1-deficient subjects developed naive T cells, T-cell function, and diverse TCR repertoires after thymus transplantation. The development of an in vitro proliferative T-cell response to PPD in subject 1 was temporally associated with the clearance of BCG infection (Table 3) . Subject 2 also developed in vitro proliferative T-cell responses against antigens, namely tetanus toxoid and C albicans ( Table 3) .
The kinetics of appearance of T cells and the ultimate T-cell numbers of the 2 FOXN1-deficient subjects fall within the ranges seen for infants with complete DiGeorge anomaly who receive postnatal allogeneic thymus transplants 8, 10 Naive T cells in subject 1 developed later than in most patients with complete DiGeorge anomaly who are given immunosuppression. 10 A slower development of naive T cells in subject 1 was expected given the presence of M bovis infection. 27, 28 Subject 2 also showed slightly delayed development of naive T cells compared with most subjects with typical complete DiGeorge anomaly 10 who usually develop naive T cells before 6 months after transplantation. 8 Of note, in these subjects and the infants with complete DiGeorge anomaly who are given thymus transplantation, the CD8 ϩ T-cell numbers are substantially below the 10th percentile for age in the first years after thymus transplantation. 8 As in the infants with complete DiGeorge anomaly, the low CD8 numbers have not resulted in clinical infection.
In subject 1, concern arose that the preexisting infection with M bovis would suppress thymopoiesis. 27, 28 The most recent T-cell count for this subject (1053 cells/mm 3 at 58 months after transplantation) indicates that the thymus transplantation has been successful in restoring relatively normal T-cell numbers. The success in this subject gives hope for future athymic subjects who have mycobacterial infection.
Our data indicate that B-cell function was restored after thymus transplantation. Both subjects were able to discontinue Ig replacement, maintain normal serum Ig levels, and generate protective antigen specific titers. Of particular note, both subjects received the measles, mumps, and rubella vaccine without any adverse events. Normal postvaccine antibody responses to these 3 viruses were confirmed in subject 2 (Table 4) .
It is remarkable that functional immunity developed in subject 1 with only one HLA match (HLA-DQB1) and in subject 2 without any HLA matches. This is similar to the findings in infants with complete DiGeorge anomaly for whom matching for HLA class I and class II has not been found to affect CD4 or CD8 T-cell counts after thymus transplantation. 9 The mechanisms involved in positive and negative thymic selection after unmatched thymus transplantation are not clear. Classically, it has been hypothesized that cortical thymic epithelium is necessary for positive selection to occur. 29 Murine studies suggest that recipient bone marrow-derived cells, such as antigen presenting cells 30, 31 or thymocytes, 32, 33 may also play a role in positive selection in the thymus. Alternatively, circulating hostderived epithelial progenitors [34] [35] [36] [37] may migrate to the thymus. These recipient epithelial cells could then provide signals for positive selection of the developing thymocytes. In our subjects, even though the thymus graft is unmatched to the recipient, the recipients develop T cells that proliferate in response to antigens presented by recipient antigen presenting cells (Table 3) and provide help for B-cell antibody production leading to protective antibody titers after vaccination (Table 4) .
Regarding negative selection, dendritic cells have been shown to be involved. 38, 39 Thus, it is likely that recipient bone marrowderived dendritic cells that colonize the thymic graft may play a role. This putative mechanism for negative selection appears to be able to prevent the development of a graft-versus-host disease-like syndrome mediated by the genetically host T cells that develop in the thymus.
Negative selection in the thymus does not prevent all autoimmune disease. Subject 2 developed autoimmune thyroid disease at 1.6 years after transplantation. The urticaria seen in subject 2 may have been related to the presence of antithyroid antibodies, as observed in approximately 30% of patients with chronic urticaria. 40, 41 Thyroid disease (Hashimoto or Graves) has occurred in 16 of 60 patients with complete DiGeorge anomaly after thymus transplantation 8, 10 (and unpublished data, M.L.M., June 2010). The mechanism for the increased prevalence of thyroid disease remains unclear. These data further emphasize the importance of continuing surveillance of these subjects for autoimmune disease.
In summary, after thymus transplantation in 2 FOXN1-deficient subjects, naive T cells and diverse TCR repertoires developed in parallel with normalization of T-cell proliferative responses and Ig levels. More importantly, the associated clearance of the ongoing disseminated infections raises the expectation that this therapeutic approach may have long-term clinical benefit for subjects with athymia secondary to FOXN1 deficiency. Overall, thymus transplantation offers a promising treatment for FOXN1 deficiency (nude/SCID).
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